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Abstract Solid-phase microextraction (SPME) and gas
chromatography coupled with electroantennographic detec-
tion (GC-EAD) were used to identify volatile compounds
from shoots of riverbank grape (Vitis riparia) that attract the
female grape berry moth (GBM, Paralobesia viteana).
Consistent EAD activity was obtained for 11 chemicals:
(Z)-3-hexen-1-yl acetate, (E)-linalool oxide, (Z)-linalool
oxide, nonanal, linalool, (E)-4,8-dimethyl-1,3,7-nonatriene,
methyl salicylate, decanal, β-caryophyllene, germacrene-D,
and α-farnesene. In flight-tunnel tests that involved female
GBM and rubber septa loaded with subsets of these 11
compounds, we found that both the 11-component blend and
a seven-component blend, composed of (E)-linalool oxide,
(Z)-linalool oxide, nonanal, (E)-4,8-dimethyl-1,3,7-nona-
triene, decanal, β-caryophyllene and germacrene-D, elicited
equivalent levels of upwind flight as freshly cut grape
shoots. The removal of any of the seven compounds from
the seven-component blend resulted in a significant decrease
in female upwind flight responses. In a field trial with these
two synthetic blends, traps equipped with either blend
captured more female GBM compared to traps baited with
hexane only (control), although the number of females
caught was generally low. There were no differences in the
number of males captured among treatments. Although in
flight-tunnel trials, moths readily flew upwind to both grape
shoots and rubber septa loaded with the best lures, they
landed on shoots but not on rubber septa. Coupled with
relatively low field catches, this suggests that additional host
finding cues need to be identified to improve trap efficacy.
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Introduction
Paralobesia viteana (grape berry moth, GBM) is a tortricid
moth native to the eastern United States that specializes on
Vitis spp. The larvae of GBM damage grape berries
throughout the growing season, which, in addition to
reducing yields, predisposes the damaged clusters to
pathogens, making this species one of the most important
pests of grapes grown in the eastern USA (Slingerland
1904; Goodwin 1916; Dozier and Butler 1929; Gleissner
1943; Taschenberg 1945). On average, two to four
generations of GBM occur during a growing season, with
the first generation starting with the flight of adults from
overwintered pupae around bloom (Taschenberg 1945). The
female-produced sex pheromone of this species was
identified by Roelofs et al. (1971). Traps baited with the
synthetic pheromone are reasonably effective in identifying
the start of the first flight of the adults. However, they often
fail to predict oviposition on grape clusters by subsequent
generations, making the timing of management decisions
difficult (Hoffman 1990; Weigle et al. 1999).
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Over the last two decades, an increasing number of
studies has reported on the importance of host-plant volatile
chemicals in mediating host recognition by herbivores
(Visser 1986; Bernays and Chapman 1994; Schoonhoven
et al. 1998; Bruce et al. 2005). This volatile-mediated
response has been suggested to be more pronounced in
specialist than generalist herbivores (Bernays and Chapman
1994), and can occur to very low concentrations of
chemicals (Angioy et al. 2003). Several studies have
investigated optimal combinations of host volatiles to
improve monitoring or trapping of insect pests (e.g., Zhang
et al. 1999; Hammack 2003; Blackmer et al. 2004; Leskey
et al. 2005; Pinero et al. 2006). Within tortricid moth pests,
research on the use of host volatiles has focused on species
with moderate to broad diet breadths such as codling moth,
Oriental fruit moth, and European grape berry moth. In
these cases, a number of relatively common volatile
compounds show behavioral activity in the laboratory
(Ansebo et al. 2004; Coracini et al. 2004; Hern and Dorn
2004; Natale et al. 2004; Tasin et al. 2005, 2006a, b, 2007).
However, lures based on host-plant volatiles have not been
successful in the field (e.g., Ansebo et al. 2004; Coracini et
al. 2004; Mitchell et al. 2008). One possibility is that the
role of odors in location of hosts may be a stronger
selective force for specialists than for generalists (Bernays
and Chapman 1994). Therefore, the development of a lure
based on host-plant volatiles to improve monitoring and
management decisions for insect pests may be a more
suitable strategy for specialist herbivores such as GBM.
Here, we present results of chemical, electrophysiolog-
ical, and behavioral experiments that used solid phase
microextraction (SPME), gas chromatography–electroan-
tennogram detection (GC-EAD), and flight-tunnel assays,
to identify the key volatile chemicals from grape shoots
used by female GBM to locate a host. In our previous
behavioral study, grape shoots were the most attractive
grape tissue to female GBM (Cha et al. 2008). Our goal
was to develop a host-plant-based synthetic lure that is as
attractive as live grape shoots to female GBM. We also
present data from a field trial in which we tested the
efficacy of traps baited with synthetic lures.
Methods and Materials
Insects GBM were reared in cages placed in walk-in
environmental chambers at 26°C and 60% RH under a
18:6 (L:D) photoperiod. Adult moths were fed with 50%
honey and water soaked on cotton. Adults mated freely in
rearing cages (45 cm H×77 cm W×45 cm D) and
oviposited on seedless grape (Vitis vinifera, red flame
variety). First and second instars were transferred to a diet
cup (30 ml, WinCup Inc.) and reared on semi-synthetic diet
(Nagarkatti et al. 2000) that consisted of grapes, pinto
beans, and commercially available tobacco hornworm diet
(Bio-Serve). To minimize any potential effect of laboratory
rearing on the behavior of moths, colonies were re-
established once a year with larvae and pupae collected
from commercial vineyards in July or August.
Plants We used a native host species of GBM in north-
eastern USA, Vitis riparia, to identify candidate volatile
host compounds for the synthetic lure. Cuttings were made
from V. riparia growing in a research vineyard at the
Cornell University, New York State Agricultural Experi-
ment Station in Geneva, NY, USA in December 2005.
Cuttings were dipped in rooting hormone (Green Light
Co., San Antonio, TX, USA) and placed in a planting
box filled with moistened Perlite® in a cold room (4°C),
equipped with a heating pad, to facilitate root growth while
retarding development of shoots. Once roots were devel-
oped, all plants were transplanted to 1-gal pots filled with a
mixture of sand, peat moss, and Vermiculite® and moved to a
greenhouse with temperatures maintained between 21–26°C.
Supplemental light was provided to extend the day length to
16 h and pots were fertilized weekly with water-soluble
fertilizer (Peters 20–20–20, Scotts-Sierra Horticultural Prod-
ucts Co.). For sampling of volatile chemicals and flight-
tunnel assays (see below), we used plants that were 2–4
weeks post-bloom, without any flowers or berries, since
grape shoots were most attractive to female GBM in our
previous flight-tunnel study (Cha et al. 2008).
Adsorbent Sampling We used a push–pull collection sys-
tem to collect headspace volatiles of live grape shoots. The
system was a custom-made, bell-shaped glass chamber
(18 cm ID, 10 L) with two air-in adapters (7 mm ID) on the
top and four air-out adapters (7 mm ID) equally distributed at
the bottom wall of the chamber. To accommodate a whole,
live potted plant, the glass chamber was placed on two pieces
of Pyrex glass with a hole (2 cm) in the middle so that the
vegetative portion of the plant could be sampled. After a
plant was set up in the chamber, the chamber was flushed
with filtered air (3 L min−1) for an hour to replace air inside
the chamber with filtered air and to stabilize volatile
emission from the plant, because we noticed that handling
of the plant during set up temporarily induced release of
green leaf volatiles. During the collection, flow meters were
used to insure that more filtered air was pushed into the
chamber than pulled out through the charcoal filters so as to
eliminate possible contamination from outside air. Filtered
clean air from a wall-mounted air filtering system (ARS
Inc., Gainesville, FL, USA) was pushed into the chamber at
2.5 L min−1 and volatiles from the headspace of grape
shoots were drawn by a vacuum pump onto four activated
charcoal filters (ORBO32-small, Supelco Inc., Bellefonte,
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PA, USA) at 0.5 L/min/filter. Adsorbent samplings were
made from four plants, with collections for each grape plant
made over 4 days at room temperature with supplemental
light (18:6 L:D). The chamber was washed with acetone,
and new ORBO filters were used for a new plant. The
volatiles were eluted with 1 ml hexane every 24 h and then
combined. The combined extract was concentrated to 1 ml
under a gentle stream of nitrogen gas and kept in a freezer
(−20°C) and subjected to GC-EAD and gas chromatogra-
phy–mass spectrometry (GC-MS) analyses, and flight-
tunnel bioassay.
SPME Sampling We used the same glass chamber that was
used for adsorbent sampling to collect headspace volatiles
of live grape shoots using SPME. Filtered air was pushed
into the chamber at 1 L min−1. Three of the four air outlets
were blocked with rubber septa, while one was 70%
blocked with Teflon tape allowing the SPME fiber to be
inserted into a thin stream of headspace volatiles for
increased collection efficiency. After a plant was set up in
the chamber, we flushed the chamber with filtered air as
described above. We conditioned a carboxen/poly-dimethyl
siloxane-coated SPME fiber (film thickness 85 μm;
Supelco Inc., Bellefonte, PA, USA) in the GC injector
(280°C) for 5 min and then inserted the fiber through a
small hole on the air-outlet. The fiber was exposed for up to
24 h to absorb the volatiles, and immediately subjected to
GC-EAD or GC-MS analyses. The chamber was washed
with acetone before sampling a new plant.
Coupled GC-EAD Analysis Coupled GC-EAD analyses
were performed following procedures described previously
(Zhang et al. 1999; Nojima et al. 2003). A Hewlett-Packard
5890 Series II gas chromatograph, equipped with a non-
polar EC-1 capillary column (30 m×0.25 mm ID, 0.25 μm
film thickness; Alltech Associates, Inc., Deerfield, IL,
USA) or a polar EC-Wax Econo-Cap capillary column
(30 m×0.25 mm ID, 0.25 μm film thickness; Alltech)
was used for GC-EAD analyses. The oven temperature
was programmed from 40°C for 5 min then increased by
15°C min−1 to 250°C. Injector and detector temperatures
were set at 280°C and 270°C, respectively. A 0.75-mm ID
glass inlet liner (Supelco) was used for SPME sample
injection and a 4-mm ID liner (Supelco) for liquid samples.
Splitless injection was used with nitrogen as the carrier gas
at a flow of 2 ml min−1. The column effluent was split in a
ratio of 1:1 in the oven to the flame ionization detector and
to the heated (270°C) EAD port.
A whole head was removed from a 3-day-old virgin female
GBM and both antennae were positioned between two gold
wire electrodes that were immersed in two saline-filled
micropipettes in a small acrylic holder. We used an Ephrussi–
Beadle insect Ringer as saline (Ephrussi and Beadle 1936).
The moth’s head was placed into the tip of one micropipette,
and the tips of both antennae, which were wetted with saline
containing surfactant (0.02% Triton X-100) for easy insertion,
were maneuvered to make contact with the saline in the other
micropipette tip. The antennal holder was placed inside a
humidified cooling condenser maintained at 10°C. To
compare relative magnitudes of antennal responses, the
millivolt values for EAD-active compounds were calculated
from GC-EAD recordings performed with SPME and
adsorbent sample runs. A minimum of five different antennal
pairs (two to three runs/pair) were used to analyze volatiles
from shoots of the same four V. riparia plants that were
subjected to adsorbent sampling.
Chemical Analysis GC-MS was carried out with a Shi-
madzu GCMS-QP5050A quadrupole mass spectrometer
running in the EI (at 70 eV) scan mode coupled with a
Shimadzu GC-17A equipped with a nonpolar DB-1
capillary column (30 m×0.25 mm ID, 0.25 μm film
thickness; J&W Scientific, Folsom, CA, USA) or a polar
EC-Wax Econo-Cap capillary column (30 m×0.25 mm ID,
0.25 μm film thickness; Alltech Assoc.). Helium was used
as the carrier gas at a constant flow of 1.0 ml min−1. GC
conditions and temperature program were as for the GC-
EAD analyses. Volatile compounds were identified by mass
spectral matches to library spectra as well as by retention
time matches to available authentic standards. The EAD-
active compounds were verified by GC-EAD analysis with
authentic standards. Quantification of the relative ratio of
the EAD-active compounds was made from the adsorbent
collection based on ion abundances from GC-MS analyses.
Chemicals (Z)-3-hexen-1-yl acetate, linalool oxide (1:1
mixture of (E)- and (Z)-isomers), nonanal, linalool, methyl
salicylate, decanal, β-caryophyllene, and α-farnesene, were
obtained from Sigma-Aldrich Inc. (St. Louis, MO, USA),
Alfa Aesar (Ward Hill, MA, USA), Fluka (Buchs, Switzer-
land) or TCI America (Portland, OR, USA). All, except α-
farnesene (a mixture of various isomers) were greater than
97% purity. The 4,8-dimethyl-1,3(E),7-nonatriene was
synthesized by oxidation of (E)-citral (Zhang et al. 2002)
and then by Wittig reaction (Greenwald et al. 1963), and
was a mixture of 95% (E)-isomer and 5% (Z)-isomer.
Germacrene-D was isolated from golden rod as 91%
germacrene-D and 9% β-caryophyllene (by USDA Chem-
istry Research Unit, Gainesville, FL, USA).
For all flight-tunnel bioassays and field tests, mixtures
were prepared in ratios that corresponded to the ratios of
compounds found in the collections of V. riparia shoots.
For flight-tunnel bioassays, the blends with all identified
compounds were mixed according to the ratios indicated by
live plant samplings and diluted with hexane to 0.108 μg of
total compounds in 1 μl of hexane. Preliminary flight-
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tunnel experiments showed adequate moth responses to this
concentration. All subsets of this blend were mixed at the
same concentration as the blend with all identified
compounds. For the field trial, the blend of compounds
tested was diluted to 0.875 μg μl−1. All the blends were
stored in a freezer (−20°C) between tests.
Flight-Tunnel Assays Five-day-old females from a mating
cage were used for flight-tunnel bioassays. Each cohort was
set up using 10–15 female pupae (near eclosion) in a
Plexiglas mating cage (30 cm H×30 cm W×30 cm D) and
provided with 50% honey and water. Fifteen to 20 males
(one antenna clipped for distinction from females) were
added to the cage with a grape cluster. On average, 70% of
females were mated by the fifth day, with copulation
peaking on the second day (G. Loeb, unpublished data).
The responses of female moths from the mating cage to grape
shoots and volatile blends were assessed in a flight tunnel as
described in Cha et al. (2008). After each flight-tunnel trial,
the male and female moths were returned to the colony to
maintain a consistent population level. We did not confirm
mating status of females in the flight-tunnel experiments.
The flight tunnel was 2 m in length by 0.6 m in width and
0.6 m in height, with a fan installed at the upwind end to
create a steady airflow into the tunnel and an exhaust hood at
the downwind end to evacuate odor from the flight tunnel.
Wind speed was set at 0.25 m s−1 at the point of release of
moths. A pattern made of dark green paper circles (10 cm
diameter) was randomly presented both on a white back-
ground glass floor and on the glass ceiling below the light
source. The upwind and downwind ends of the tunnel
consisted of two layers of cheesecloth to prevent escape of
moths. Light was provided from above by eight 25-W
incandescent bulbs. Light intensity in the tunnel was 25 lx so
as to mimic dusk conditions. During the experiments, the
temperature and relative humidity of the flight tunnel were
23.3°C (±0.72 SD) and 23.2% (±0.32 SD).
All female moths were flown around dusk for the
laboratory colony (over a 2-h period, from 1 h before to
1 h after dark). We tested individual moths in the flight
tunnel, recording behavior for 8 min per moth. For each
moth, we noted whether it left the release cage and made an
upwind flight (more than 50 cm of tight, zigzag flight to
within 10 cm of the target) as well as if it landed on (made
contact with) the target. For data analysis, we categorized
each moth based on the most complete behavior the moth
displayed within an 8-min observation period. Thus, the
behavioral responses of moths were categorized as ‘no
upwind flight’ (no directed flight toward the target),
‘upwind flight’ or ‘landing’.
We used freshly cut grape shoots and rubber septa
(Thomas Scientific, Swedesboro, NJ, USA) loaded with
synthetic blends as targets in the flight tunnel. A grape
shoot (15 cm) was cut and immediately placed into a water
pick just prior to flights as described in Cha et al. (2008).
Freshly cut shoots were used because we found no
difference in upwind flight or landing responses of females
to freshly cut shoots or potted grape plants and because we
wanted to minimize target size and eliminate possible
contamination from pot or soil. In the flight tunnel, the cut
shoot was apparent to female GBM. The target for a
particular trial was placed at the upwind end in the center of
the tunnel (30 cm from upwind end), affixed on an acetone-
washed holder constructed of a glass rod and Teflon tubing.
Female moths were introduced in the target plume
(determined by using smoke from incense) at about 1.5 m
downwind from the target in the center of the tunnel (30 cm
from downwind end) in a small metal screen cage.
Field Experiment The field test was conducted during
August and September of 2007 in a commercial vineyard
near Rushville, NY, USA that had a history of severe GBM
damage. We chose a custom-made plastic sheet trap for the
field test, based on preliminary flight-tunnel tests of three
different trap designs, including the Bio-lure Scenturion
delta trap (Suterra LLC, Bend, OR, USA), a red ball trap
(Zhang et al. 1999) and our custom plastic sheet trap, and
by using the same seven-component blend we used in the
field test. The Delta trap and red ball trap baited with the
seven-component blend did not catch any upwind flying
moths in the flight tunnel, whereas the plastic sheet trap
captured 20% of the moths. The plastic sheet trap was
constructed by overlaying 11 layers of plastic sheets
(30 cm×30 cm; Kittrich Co., La Mirada, CA, USA) coated
with STP Oil Treatment as the sticky substance. Each week
one layer of plastic sheet was removed from each side,
allowing us to monitor GBM for up to 6 weeks without
applying additional oil. Each trap had six holes (2.5×2.5 cm)
cut in two rows (three holes in top row and three holes in
bottom row), with a rubber septum attached at each hole.
Each hole was 5 cm apart and 6.25 cm from an edge of the
trap. Each septum was loaded with 300 μl of one of the
synthetic blends or hexane, and attached to the trap with an
insect pin. For each hole, a pin was pressed through the
middle plastic layer (2.5 cm below hole) and woven back out
again in a manner that left the point of pin in the center of
each hole. Rubber septa were replaced every 3 weeks.
We compared attractiveness of two different lures, the
seven- and 11-component blends, as well as a hexane
control, to female GBM. Each treatment was replicated four
times in four blocks, with two traps installed (one trap per
block) at the edge of a vineyard planted with V. labrusca
(variety niagara) and two traps installed (one trap per block)
at the edge of a forest contacting the vineyard. Traps were
hung approximately 1 m from the ground and spaced at
least 10 m apart. Traps were monitored twice weekly from
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August 17, 2007 until September 11, 2007, yielding a total
of seven assessments over a 25-day period. Each captured
GBM was transferred to the laboratory, and its sex was
determined under a dissecting microscope. Since the
captured moths were usually drenched with oil, we could
not determine whether the female moths were mated or not.
Statistical Analysis The attractiveness of different lure
mixtures to female GBM was analyzed by using general-
ized linear models, with upwind flight or landing as
dependent variables and different mixtures as a fixed
independent variable, with binomial distribution with logit
link function and maximum likelihood estimation (Proc
Glimmix; SAS Institute 2006). The effect of the different
type of lures (hexane control vs. seven-component vs. 11-
component) and location of trap (forest edge vs. vineyard
edge) on the number of male and female GBM captured
over a 25-day period was analyzed by using repeated mixed
model analysis of variance with Kenward–Roger degrees of
freedom estimation and AR(1) as a covariance structure for
repeated measures (Proc Mixed; SAS Institute 2000). Block
was a random factor nested in location. Lure type, location,
and time were fixed factors.
Results
Identification of Candidate Host Volatiles from V. riparia
Shoots A total of four shoot samples were analyzed by
SPME and GC-EAD by using at least five female GBM
antennae for each sample. SPME sampling consistently
revealed the same 11 significant antennal responses
(Table 1). The EAD-active compounds were identified by
comparison of mass spectra and GC-MS retention times
with those of synthetic standards. The adsorbent collection
of volatiles was made from four V. riparia shoots and the
relative ratios of the 11 EAD-active chemicals determined
by GC-MS and used in the flight-tunnel tests.
Flight-Tunnel Experiments for Identification of Key Host
Volatiles: Negative and Positive Controls Responses of
female GBM in the flight tunnel to hexane-loaded rubber
septa and grape shoots were used as negative and positive
controls, respectively. A total of 42 females were tested
individually to a rubber septum loaded with 300 μl of
hexane; the majority of these did not leave the cage, and
those that did flew to the ceiling, sides, or back screen of the
flight tunnel. A total of 144 females were flown to grape
shoots and 73.6% (±3.7 SE) of them showed upwind flight.
Thus, we used an upwind flight rate of 0% as our negative
control and 73.6% as our positive control. Some 55.6%
(±11.7 SE; N=51) of females tested exhibited upwind flight
to the shoot extract; this was not significantly different from
the responses to the shoots (t24=1.57; P=0.129).
Flight-Tunnel Experiment 1 Based on the strength of EAD
responses (Table 1), we first tested a blend composed of
seven compounds, (Z)-3-hexenyl acetate, linalool, (E)-4,8-
dimethyl-1,3,7-nonatriene, methyl salicylate, β-caryophyl-
lene, germacrene-D, and α-farnesene (treatment 1, Fig. 1).
This blend elicited 51.6% (±8.9 SE) of females to exhibit
upwind flight responses, but this was not as attractive as
actual grape shoots (t36=2.37; P=0.023). Next, we tested
whether there were possible deterrents in this blend by
sequentially removing each of the components (treatments
2–8, Fig. 1). No deterrent was detected, as no blend with
one component removed had significantly greater attraction
Table 1 EAD-active chemicals from shoots of Vitis riparia determined by SPME, GC-EAD, and GC-MS
Antennae active compounds GC-MS (%) EAD response
(mV±SD)
Relative ratio
in mix (%)
First
seven-compo mix
Second
seven-compo mix
(Z)-3-hexen-1-yl acetate 14.6 0.23±0.14 10 ●
(Z)-Linalool oxide 0.7 0.14±0.07 3 ●
(E)-Linalool oxide 1.2 0.09±0.06 3 ●
Nonanal 2.2 0.06±0.04 6 ●
Linalool 1.7 0.50±0.40 6 ●
(E)-4,8-dimethyl 1,3,7-nonatriene 21.2 0.58±0.42 13 ● ●
Methyl salicylate 1.5 0.60±0.51 6 ●
Decanal 2.9 0.08±0.08 6 ●
β-caryophyllene 10.4 0.36±0.20 3 ● ●
Germacrene-D 10.5 0.26±0.19 11 ● ●
α-Farnesene 33.0 0.35±0.21 34 ●
Relative ratio (%) of peak areas of active compounds in the shoot extract and the strength of antennal response (mV±SD) to each of the active
compounds are shown. All synthetic blends were mixed based on the relative ratio of compounds shown here. In addition, volatile components in the
first seven-component blend (see “Flight-tunnel experiment 1”) and second seven-component blend (see Flight-tunnel experiment 2) are shown
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compared to the original seven-component blend. However,
from this experiment, (Z)-3-hexenyl acetate, (E)-4,8-di-
methyl-1,3,7-nonatriene, and methyl salicylate appeared to
be important components, since removing any of these
resulted in significantly fewer upwind flights compared to
the original blend (Fig. 1). The blend composed only of (Z)-
3-hexenyl acetate, (E)-4,8-dimethyl-1,3,7-nonatriene, and
methyl salicylate (treatment 9) elicited GBM flight
responses not statistically different from those to the
original blend (t36=1.37; P=0.179). Three hundred and
ninety two females were tested in this experiment.
Flight-Tunnel Experiment 2 The second set of flight-tunnel
trials used all 11 EAD-active compounds listed in Table 1.
This full blend elicited 68.6% (±7.8 SE) of females to
exhibit upwind flight; this was not statistically different
from that to grape shoots (t38=0.60; P=0.55; treatment 10,
Fig. 2). The removal from the blend of linalool, β-
Fig. 1 Upwind flight responses
(%) of female grape berry moth
(N=392) in flight tunnel to
hexane control (0%), Vitis ripa-
ria shoots (gray bar), and vari-
ous synthetic blends (white
bars). Treatment 1 was a mix-
ture of seven compounds listed
below the graph. Treatments 2–9
were subsets of treatment 1. At
least 20 individual moths were
flown to each synthetic blend
tested. Different letters on bars
indicate significant differences
(P<0.05; *tDMNT: (E)-4,8-di-
methyl-1,3,7-nonatriene)
Fig. 2 Upwind flight responses
(%) of female grape berry moth
(N=431) in flight tunnel to Vitis
riparia shoots (gray bar) and
various synthetic blends (white
bars). Treatment 10 was a mix-
ture of 11 compounds listed
below the graph. Treatments
11–19 were various subsets of
treatment 10. At least 20 indi-
vidual moths were flown to each
synthetic blend tested. Different
letters on bars indicate signifi-
cant differences (P<0.05),
except that P=0.051 for both
“shoot vs. treatment 11” and
“treatment 17 vs. treatment 18”
(*tDMNT: (E)-4,8-dimethyl-
1,3,7-nonatriene)
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caryophyllene, germacrene-D, and α-farnesene, the four
compounds that appeared not to be important based on the
results of the first experiment, resulted in 50% (±11.8 SE)
of GBM tested exhibiting upwind flight; this was not
statistically different from the responses exhibited to the 11-
component blend (t38=1.31; P=0.198), but was marginally
lower than that of the shoots (t38=2.02; P=0.051). Adding
β-caryophyllene and germacrene-D back to the blend
(treatment 12) increased attractiveness to the level compa-
rable to shoots.
In a further treatment, (Z)-3-hexen-1-yl acetate and
methyl salicylate (treatment 13) were removed from the
nine-component blend (i.e., 11-component blend minus
linalool and α-farnesene) without reducing the attractive-
ness (66.7%±9.1 SE) of the mixture relative to that of the
shoots or the original 11-component blend (Fig. 2).
Linalool oxide, nonanal, (E)-4,8-dimethyl-1,3,7-nonatriene,
and decanal were key components in this second seven-
component blend. The removal of linalool oxide (as a 1:1
mixture of (E)- and (Z)-linalool oxide), nonanal, decanal, or
(E)-4,8-dimethyl-1,3,7-nonatriene individually resulted in
significantly lower (3.1~4.2%; treatments 14–17, Fig. 2)
flight responses from females. In contrast, the removal of
germacrene-D (treatment 18) or β-caryophyllene and
germacrene-D (treatment 19) from the second nine-compo-
nent blend resulted in only a 41.7% and 36.1% decrease
(relative to that to the second seven-component blend),
respectively, in upwind flight responses of females. Since
the germacrene-D contained 9% of β-caryophyllene,
however, we could not conclude that both germacrene-D
and β-caryophyllene were essential compounds in the
second seven-component blend. Four hundred and thirty
one females were tested in this experiment.
Although the upwind flight responses of females to the 11-
and second seven-component synthetic blends (treatments 10
and 13 in Fig. 2, respectively) were not significantly
different (F3,24=0.93; P=0.442) from those to grape shoots
or shoot extract, there were significant differences among
these treatments in terms of landing (F3,24=8.71; P<0.001).
In particular, the extract and synthetic blends elicited
significantly lower landings from females in the flight
tunnel compared to the shoots (Fig. 3). Two hundred and
twenty four females were tested in this experiment.
Field Experiment In a late-season field trial, conducted in
a high GBM-pressure commercial vineyard, traps baited
with either the 11- or second seven-component blends
caught significantly (F2,15=7.22; P=0.006) higher numb-
ers of female GBM than traps baited with a hexane control
(Fig. 4); there was no significant effect of location (i.e.,
forest edge vs. vineyard) or time on catch of female moths.
In contrast, there were no differences among treatments in
the numbers of male moths captured (F2,24.9=0.08; P=
0.925). For males, however, we found a significant
interaction among time, location, and lure (F12,27=2.47;
P=0.025). Overall, the total number of female and male
moths captured was low (0.25 moths per day for best
treatment), especially considering that the trial was per-
formed in a high GBM-pressure vineyard. The best blend
caught an average of four female moths/trap during the
25-day trapping period.
Fig. 4 Number of female and male grape berry moth captured in
plastic-sheet traps, each baited with six rubber septa impregnated with
a hexane control, the second seven-component blend or an 11-
component blend in a commercial vineyard over a 25-day period.
Eleven-component blend=(Z)-3-hexen-1-yl acetate, (E)-linalool oxide,
(Z)-linalool oxide, nonanal, linalool, (E)-4,8-dimethyl-1,3,7-nona-
triene, methyl salicylate, decanal, β-caryophyllene, germacrene-D,
and α-farnesene; second seven-component blend=11-component
blend minus (Z)-3-hexen-1-yl acetate, linalool, methyl salicylate and
α-farnesene. Error bars=±1 SE
Fig. 3 Comparison of upwind flight (%) and landing (%) responses
of female grape berry moth to Vitis riparia shoots, shoot extract and
two synthetic blends. 11-component blend=(Z)-3-hexen-1-yl acetate,
(E)-linalool oxide, (Z)-linalool oxide, nonanal, linalool, (E)-4,8-
dimethyl-1,3,7-nonatriene, methyl salicylate, decanal, β-caryophyl-
lene, germacrene-D, and α-farnesene; second seven-component
blend=11-component blend minus (Z)-3-hexen-1-yl acetate, linalool,
methyl salicylate and α-farnesene. Different letters (capital letters for
orientation response and small letters for landing response) on bars
indicate significant differences (P<0.05). Error bars=±1 SE
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Discussion
We identified a blend of 11 volatile compounds [(Z)-3-
hexen-1-yl acetate, (E)-linalool oxide, (Z)-linalool oxide,
nonanal, linalool, (E)-4,8-dimethyl-1,3,7-nonatriene, meth-
yl salicylate, decanal, β-caryophyllene, germacrene-D, and
α-farnesene] from the shoots of V. riparia, a native host,
that elicited an equivalent percentage of upwind flight by
female GBM as that by intact shoots. Traps baited with this
blend successfully caught female GBM in a vineyard.
Subtraction of (Z)-3-hexen-1-yl acetate, linalool, methyl
salicylate, and α-farnesene from this blend did not affect
efficacy of the mixture with respect to eliciting both upwind
flight responses of female GBM in a flight tunnel and trap
catch in the field.
We originally hypothesized that the magnitude of
antennal response in the GC-EAD analysis may indicate
the relative importance (i.e., behavioral activity) of each of
the compounds. However, this approach resulted in a blend
that was not as attractive as grape shoots in our first set of
flight-tunnel experiments. Addition of the four compounds
that elicited the smallest antennal responses resulted in
improved levels of upwind flight, comparable to that to
grape shoots in the second set of experiments. This result
suggests that the strength of antennal responses should not
be assumed to correspond directly to behavioral activity.
Although both the 11- and second seven-component
blends elicited upwind flight responses of female GBM
comparable to that to grape shoots, the lower level of
landing and low trap catches in the field to the synthetic
blends suggest that their compositions may not be optimal
for trapping female GBM. Several, non-mutually exclusive
factors may be responsible for this. GBM could use both
olfactory and visual cues for landing. For example, in Lygus
hesperus, visual cues were shown to enhance the response
to host-plant volatiles (Blackmer and Cañas 2005). GBM, a
crepuscular species, oviposits dramatically less in the
absence of light (Clark and Dennehy 1988), suggesting
that females may use visual cues in this behavior. In
addition, other chemicals, such as fatty acids, with low
volatility present on grape leaf or berry surfaces could also
elicit landing. For example, Wallace et al. (2004) reported
that mated females of the spruce budworm preferentially
oviposited on substrates treated with waxes from the
needles of a host plant. Finally, CO2 and moisture gradients
released by grape shoots could affect close-range landing
behaviors (references in Thom et al. 2004; Hilker and
McNeil 2008).
The low-landing responses we obtained to the synthetic
mixtures could also be due to a sub-optimal ratio of
components in the blend. It has been suggested that many
herbivores and parasitoids perceive a specific mixture of
plant volatiles to locate their host reliably (Schoonhoven et
al. 1998; Hilker and McNeil 2008). Such specificity can be
mediated by species-specific host chemicals. However, the
compounds in our two blends are relatively ubiquitous
plant volatiles. In such a case, a species-specific ratio of
common compounds could be a key to locating hosts
within a complex environment of plant volatiles (Bruce et
al. 2005; Hilker and McNeil 2008). Although we based the
ratio of compounds in the blends on our adsorbent
collections from live, potted plants, it is possible that the
ratio of components we tested might not correspond exactly
to that released by live grape shoots due to the adsorbent
characteristics (Tasin et al. 2006b), and also the differential
release rate of components from the rubber septa (Butler
and McDonough 1979; Heath et al. 1986). The fact that we
also observed low levels of landings on septa with the
extract supports this contention, although other factors may
also be involved.
Headspace volatiles were collected from live potted
grapes to ensure that they were consistent in quality and
quantity with that released by plants in the field, since
physical wounding, such as cutting, could cause changes in
volatile emissions both locally and systemically (Davies
1987; Rhodes et al. 1999). In the flight tunnel, however, we
found both cut shoots and potted plants were equally
attractive to female GBM, suggesting that cut-plant
materials did not significantly affect behavior. However,
immediately after excision, there was a six-fold increase in
(Z)-3-hexenyl acetate released by shoots. This chemical, a
green leaf volatile, is well recognized as a wound-induced
compound (e.g., Engelberth et al. 2004), and also elicited a
GC-EAD response from female GBM. Thus, the ratio of at
least one GC-EAD-active compound, (Z)-3-hexenyl acetate,
that was also considered essential in one of our blends (see
below), appears to be not critical for female GBM behavior.
Our future research will investigate explicitly the role of
blend ratio of GC-EAD-active compounds to determine
how GBM, a specialist herbivore, recognizes its host by
using common, ubiquitous volatile compounds, and, if ratio
is important, whether the ratios of all the GC-EAD
compounds are important or just that of a subset of the
compounds.
The results from the field-trapping experiment showed
no significant differences in the number of males captured
between traps with synthetic lures based on host-plant
volatiles and control traps. This suggests that males may
not be responding to the same blend of host-plant volatiles
as females, similar to the findings in flight-tunnel trials for
the European berry moth (e.g., Masante-Roca et al. 2007).
However, definitive conclusions cannot be drawn since our
field trial was conducted late in the season, and relatively
few moths were captured.
Not all the volatile compounds isolated by GC-EAD
were essential for eliciting upwind flight from female
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GBM. Moreover, what compounds are essential appears to
be context specific (e.g., Mumm and Hilker 2005; Hilker
and McNeil 2008). For example, removal of (Z)-3-hexen-1-
yl acetate, linalool, methyl salicylate, and α-farnesene from
the 11-component blend gave equivalent levels of attraction
as shoots. Removal of any of the remaining seven
compounds, individually, significantly reduced attractive-
ness of the blend, suggesting that some or all of these seven
compounds [(E)-linalool oxide, (Z)-linalool oxide, nonanal,
(E)-4,8-dimethyl-1,3,7-nonatriene, decanal, β-caryophyl-
lene, and germacrene-D] are essential for optimal attraction.
However, with the first seven-component blend of (Z)-3-
hexen-1-yl acetate, linalool, (E)-4,8-dimethyl-1,3,7-nona-
triene, methyl salicylate, β-caryophyllene, germacrene-D
and α-farnesene that we tested, we found that (Z)-3-hexen-
1-yl acetate, (E)-4,8-dimethyl-1,3,7-nonatriene and methyl
salicylate were essential components of the blend. There-
fore, the finding that some compounds, such as (Z)-3-
hexen-1-yl acetate and methyl salicylate in this study, acted
as essential components in one blend (i.e., the first seven-
component blend; treatment 1 in Fig. 1) but not in another
(i.e., the second seven-component blend; treatment 13 in
Fig. 2) suggests that some plasticity exists in the volatile-
based host recognition system of GBM. Such a context
dependency may have important implications both for
understanding the evolution of volatile-based host recogni-
tion of herbivores and for developing a synthetic lure that
works in the field. Plasticity in recognition of host plants
with different volatile blends could have been selected for
to allow host location under seasonal and daily variation in
host chemistry (e.g., Vallat and Dorn 2005; Hilker and
McNeil 2008).
The long-term goal of our research is to develop a
synthetic lure based on host-plant volatiles that can be used
to monitor female GBM populations in the field as a way to
improve the timing of management decisions. Our late-
season field trial provides some reason for optimism that
this approach is feasible. However, the low capture of
moths indicates that significant hurdles remain. One
problem is that synthetic lures may not stand out to females
from the background volatile noise produced by the crop
plant and the many other plants in the environment.
Ultimately, we may need to discover some novel com-
pounds that are uniquely attractive, either temporally or
spatially. Furthermore, information on close-range visual
and chemosensory cues may help improve the utility of
volatile chemical-based lures for pest management.
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